Background
Introduction
Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder characterized by chronic abdominal symptoms, including discomfort, pain and altered bowel habits. Patients are diagnosed by the ROME criteria and histological exclusion of other gut diseases. Postinfectious irritable bowel syndrome patients (PI-IBS) show the onset of disease after an episode of acute gastroenteritis with diarrhea and/or vomiting [1] . Even though the pathophysiology of IBS and PI-IBS is still not clarified, prolonged immune activation resulting in microbial dysbiosis [2] [3] [4] , low-grade inflammation [5, 6] , and intestinal barrier dysfunction [7] has been suggested to be underlying causes. However, the majority of studies that show alterations of the intestinal immune system and/or microbiota in IBS patients are strictly descriptive, which limits the elucidation of a temporal association between putative causes and pathophysiological effects. The intestinal barrier is composed of a single layer of epithelial cells that produce an antigen-specific immune response to intestinal microbes, which contributes to the maintenance of intestinal homeostasis and protects the host from pathogenic bacteria [8] . However, immune activation also induces cytokine release that may cause damage to the epithelial barrier resulting in influx of bacteria and antigens into the mucosa [9] . Mucosal immune activation has been associated with deterioration of the integrity of the epithelial barrier and intestinal dysfunction in IBS [10, 11] .
Based on previous results of alterations in the mucosal adaptive immune system [6] , eight cytokines were selected in this study representing both pro-(IL-2, IL-1β, IL-8, TNF-α, IFN-γ and IL-17) and/or anti-inflammatory (IL-2, IL-10 and IL-13) cytokines. Biopsies from PI-IBS patients, as well as healthy controls, were stimulated ex vivo with key anaerobic bacterial strains. These strains were selected on the basis of previous studies on differences in relative abundance of bacterial genera or strains in IBS patients compared to healthy controls (i.e. Bacteroides ovatus, Ruminococcus gnavus, Akkermansia muciniphila and Eubacterium limosum) [4] , as well as on basis of their specific functionality, such as fermentation of polysaccharides (i.e. B. ovatus) [12] , mucin-degrading properties (i.e. R. gnavus and A. muciniphila) [13] [14] and butyrate-production (i.e. S. variabile and E. limosum) [15, 16] .
The aim of this study was to evaluate the possible difference between PI-IBS patients and healthy controls regarding the immune response to ex vivo stimulation of colonic mucosal specimens with key anaerobic bacteria. We hypothesized that PI-IBS patient will show a more pro-inflammatory cytokine response, in this experimental ex vivo model.
Material and Methods

Study subjects
PI-IBS patients (n = 11) and healthy controls (n = 10) between the age of 18 and 75 years were enrolled in this study. The fecal and mucosal microbiota as well as the colon lymphocyte composition of some of the study participants were previously determined and reported [4] . All patients were recruited from the Gastroenterology Clinic, Örebro University Hospital between 2011 and 2012, met the Rome III diagnostic criteria for IBS at inclusion and positively confirmed onset of IBS symptoms after an episode of acute gastroenteritis with diarrhea and/or vomiting, which was confirmed by primary care medical records. Hence, these patients fulfilled the definition of PI-IBS [1] . Fecal culture at the onset of gastroenteritis was not performed in the majority of cases. Inclusion was limited to consecutive patients who experienced the initial gastroenteritis at least one year before study inclusion. None of the patients had a recurrent gastroenteritis between onset of disease and enrolment in the study. All but one of the PI-IBS patients had the diarrhea-predominant subtype of IBS (Table 1) . Prior to study enrolment and according to established diagnostic criteria, microscopic colitis [17] and other inflammatory gut diseases were excluded by histologic screening of mucosal biopsies throughout the entire colon. Patients with signs of a systemic inflammatory condition were not included.
Exclusion criteria for both PI-IBS patients and healthy controls were intake of mesalamine, corticosteroids, antibiotics or immunosuppressive agents during the past year, current smoking, or excessive alcohol intake (>20 alcoholic consumptions per week). Participants refrained from medications likely to interfere with gastrointestinal function or pain and probiotics at least one week before endoscopic investigation. None of the participants had taken nonsteroidal anti-inflammatory drugs (NSAIDs) during the last two weeks before entering the study. Pain and symptom scores were assessed in a three-scale questionnaire [4] .
The healthy controls were recruited by advertisement at Örebro University. None of them had a self-reported history of chronic gastrointestinal complaints, chronic pain condition, infectious or inflammatory disorder, psychiatric illness, or were taking pharmaceutical agents. All subjects gave their written informed consent before participation. The study was performed in accordance with the principles of the declaration of Helsinki and was approved by the Regional Ethics Committee in Uppsala/Örebro (2010/261) and registered at ClinicalTrialgov NCT01787253.
Intestinal tissue sampling
Distal colonoscopy was performed without prior bowel cleansing in the morning after an overnight fast. Colonic mucosal biopsies were obtained at a standardized location in the sigmoid Table 1 . Characterization [median (range)] of post-infectious irritable bowel syndrome patients (PI-IBS) and healthy controls (HC). Between-group comparisons of age and BMI were analyzed using twotailed Student's t-test and between-group comparisons of sex, bowel moments/day and pain score were analyzed with Mann-Whitney.
PI-IBS HC
(n = 11) (n = 10)
Age ( colon, approximately 20-25 cm from the anal verge at the crossing with the arteria iliaca communis. Twelve biopsies (mean weight = 95 mg) were collected (Radical JawTM 4 Jumbo, Boston Scientific, USA) in cold phosphate buffered saline (PBS) with 5% bovine serum albumin (BSA) and were directly transferred to the lab.
Mucosal biopsy stimulation
Biopsy specimens were transferred to sterile 12-well cell culture plates with a 15 mm net insert (Netwell Insert, 440 μm Polyester Mesh, Corning Incorporated, NY, USA) (epithelial layer up) into 500 μl pre-warmed 37°C RPMI-medium (1640 Medium. no Phenol Red, Invitrogen, Gibco, NY, USA) with 2.15% HEPES (Gibco, Paisle, Scotland, UK). A duplicate of biopsies was left unstimulated, while the others were stimulated in duplicates with a bacterial suspension containing a total of 10 6 bacteria/well. The culture plate was incubated for 24 h in 37°C at 5% CO 2 . Only those biopsies that showed a cell viability of > 70% were included in the analyses.
Bacterial strains and growth conditions for stimulation activity assays
The bacterial strains used for mucosal stimulation in this study were: Ruminococcus gnavus 
Statistical analysis
Data analysis was carried out with the latest version (R.2.15.2) of R [18] . After log 2 -transformation data were approximately normally distributed. The associations between the cytokine and group (i.e. PI-IBS patients or healthy controls) after bacterial stimulation was calculated for each cytokine with linear mixed modeling. Estimates of variance and covariance in the parameters were taken into account by restricted maximum likelihood modeling (REML), and appropriate ANOVA type III SS run to test for significance of the fixed effects of disease/control, bacterial treatment, or their interaction. Spearman's rank correlation coefficient was determined to assess correlations between cytokine concentrations and the subjects' age. Mixed model results were considered significant if p<0.05.
Results
There were no significant differences between PI-IBS patients and healthy controls regarding BMI or sex. However, the age between the PI-IBS patients and healthy controls differed significantly (p < 0.05). The secretion of IL-8 correlated significantly to age in healthy controls (r = -0.32; 95% CI = -0.06 to -0.54; p < 0.05), while the TNF-α secretion correlated significantly to age in PI-IBS as well as healthy controls (r = -0.25; 95% CI = -0.02 to -0.45; p < 0.05). No significant correlation between age and any of the other cytokines (i.e. IL-1β, IL-2, IL-10, IL-13, IL-17, or IFN-γ) was found. Baseline IL-13 release from biopsies without bacterial stimulation was significantly lower in PI-IBS patients compared to healthy controls (log 2 fold change = 2.0, p < 0.05, Fig 1a) . showed (Table 2) .
Stimulation with A. muciniphila did not result in any significant difference in cytokine release (i.e. IL-1β, IL-2, IL-8, IL-10, IL-17, TNF-α or IFN-γ) in PI-IBS patients compared to healthy controls (Table 2 ). However, stimulation with A. muciniphila showed a tendency to increased IL-13 release in PI-IBS patients compared to healthy controls (log 2 fold change = 1.7, p = 0.08, Fig 1b) . Stimulation with E. limosum resulted in a significant decrease of IL-10 release in healthy controls compared to PI-IBS patients (log 2 fold change = 2.7, p < 0.05, Fig 1c) and a tendency to a decrease of IL-13 release in healthy controls compared to PI-IBS patients, respectively (log 2 fold change = 1.7, p = 0.07, Fig 1a) . Stimulation with E. limosum did not result in significant differences in the release of any of the other cytokines (i.e. IL-1β, IL-2, IL-8, IL-17, TNF-α or IFN-γ) in PI-IBS patients compared to healthy controls ( Table 2) . Stimulation with R. gnavus did not result in significant differences in the release of any of the cytokines (i.e. IL-2, IL-8, IL-10, IL-13, IL-17, TNF-α or IFN-γ) in PI-IBS patients compared to healthy controls (Table 2 ). However, after stimulation with R. gnavus the mucosal specimens in PI-IBS patients showed a tendency to decreased IL-1β release compared to healthy controls (log 2 fold change = 2.0, p = 0.07, Fig 1d) . Stimulation with B. ovatus did not result in significant differences in the release of any of the cytokines (i.e. IL-1β, IL-2, IL-8, IL-10, IL-13, IL-17, TNF-α or IFN-γ) in PI-IBS patients compared to healthy controls ( Table 2 ). S. variabile stimulation resulted in a significantly increased IL-1β release in PI-IBS patients compared to healthy controls (log 2 fold change = 2.6, p < 0.05, Fig 1e) . Stimulation with S. variabile did not result in significant differences in the release of any of the other cytokines (i.e. IL-2, IL-8, IL-10, IL-17, TNF-α, or IFN-γ) in PI-IBS patients compared to healthy controls ( Table 2) .
Discussion
Irritable bowel syndrome is one of the most frequently diagnosed intestinal disorders in the Western world [19] . A subset of IBS patients develop symptoms after exposure to an enteric infection (between 3% and 35%) and they are denoted as post-infectious IBS (PI-IBS) patients [20] . The underlying pathology of the PI-IBS comprises alterations along the gut-brain axis including low-grade inflammation [5] and aberrations in the intestinal microbiota [2, 4] . However, there is still a lack of well-designed experimental studies connecting aberrations in the mucosal immune system with those of the intestinal microbial community in PI-IBS patients. Hence, in this study we measured the cytokine response from whole endoscopic colonic biopsies after ex vivo stimulation with single key commensal bacterial strains in order to further elucidate the pathophysiology of PI-IBS.
Baseline release of the anti-inflammatory cytokine IL-13 without bacterial stimulation was significantly lower in mucosal specimens from PI-IBS patients compared to healthy controls (Fig 1a) . This finding is in line with the concept of high inflammatory responses in PI-IBS, as reported previously [6] . Some of the commensal bacteria selected for stimulation in this study are strict anaerobes and were difficult to culture until recently. Hence, very little is known about their intestinal bio-functionality. The stimulation method presented in this study builds a model for the in vivo situation, with the limitation that some metabolic actions, such as short chain fatty acid (SCFA) production by bacteria as S. variabile are unlikely to occur. Most of the lose mucus needed for SCFA production is probably not conserved during the tissue incubation. Hence, we cannot exclude the possibility that the observed differences in cytokine release in biopsies from PI-IBS patients compared to healthy controls were due to other traits and properties of each specific bacterium. E. limosum is able to produce butyrate, which has been suggested to reduce IBS symptoms [21] and is considered to play an important role in the maintenance of gut health [22] . Our results displayed a significantly reduced IL-10 release in PI-IBS patients compared to healthy controls (Fig 1c) and a tendency to a decreased IL-13 release (Fig 1a) after E. limosum stimulation, which indicates a down-regulation of the anti-inflammatory immune response. On the other hand, stimulation of lymphocytes from IBS patients and healthy controls with lipopolysaccharides has previously resulted in enhanced IL-13 and reduced IL-10 expression [23] . Hence, the different immune responses to commensal bacteria in PI-IBS patients and general IBS patients may be the result of alterations in their intestinal microbial composition [4] . Stimulation with A. muciniphila, a bacterium that is considered to have beneficial metabolic effects for the host [14] , resulted only in a tendency to increased release of the anti-inflammatory cytokine IL-13 in PI-IBS patients compared to healthy controls (Fig 1b) . This absence of significance in IL-13 release between PI-IBS patients and healthy controls after stimulation with A. muciniphila (Fig 1b) and E. limosum (Fig 1c) may be caused by insufficient statistical power.
Increased mast cell numbers, differences in mast cell localization and activation have been suggested to be important in the pathophysiology of PI-IBS [24] . PI-IBS patients responded with increased release of the pro-inflammatory cytokine IL-1β compared to healthy controls when stimulated with S. variabile. This altered immune reaction in PI-IBS may be a consequence of aberrations in numbers and activation of mast cells, which consequently elevate IL-1β cytokine response in the intestine [25] . In agreement with our findings, increased levels of IL-1β in serum and fecal samples have been reported in D-IBS as well as PI-IBS patients [26] .
The differences in cytokine responses found between PI-IBS patients and healthy controls could either be attributed to differences in the numbers and proportions of mucosal lymphocyte subsets [6] and/or alterations in their intestinal microbiota composition [4] . The mucosal lymphocyte subsets of PI-IBS patients may also be more reactive to bacterial stimulation, independent of proportion. This is supported by findings indicating that peripheral αβ + T lymphocytes of IBS patients, compared to healthy controls, expressed increased proportions of the activation molecule CD28 and decreased proportions of the chemokine receptor CCR5, after stimulation with pathogen-associated molecular patterns, [27] . A possible explanation for the differences in cytokine release of PI-IBS patients in comparison to healthy controls could be a differential expression of Toll-like receptors (TLRs) on immune cells, as IBS patients displayed altered expressions of intestinal TLR2, TLR4, TLR7, and TLR8 receptors [28] [29] [30] .
We have previously reported that PI-IBS patients have a slightly altered mucosal microbiota composition compared to that of healthy controls [4] and this variation may have affected the results of the present study. For instance, the difference in baseline IL-13 response between PI-IBS patients and healthy controls (Fig 1a) could be a functional consequence of this different microbiota composition. This is of special relevance regarding the strains that were initially selected on the basis of differences in microbial abundance between PI-IBS and healthy controls (e.g. B. ovatus, R. gnavus and E. limosum). On the other hand, the clinical importance of the response of a single cytokine expression, e.g. IL-13, should not be overestimated, but rather included in the general concept of inflammation in PI-IBS, as previously observed [4] .
The number of PI-IBS patients enrolled in this study was limited, as PI-IBS patients comprise only a minor proportion of all IBS patients. Inclusion criteria were constrained to patients that did not have antibiotic treatment and to those who had experienced the gastrointestinal infection at least one year prior to study enrolment. Despite the low number of participants in this study, we were able to reveal distinct differences in mucosal cytokine release between PI-IBS patients and healthy controls. Fecal culture at the onset of gastroenteritis was not performed in the majority of cases and therefore the intestinal infection could have been caused by various bacterial species. We cannot exclude either that the initial infection was caused by a virus. Another limiting factor of this study is that the tissue specimens were obtained only from the distal colon, even though both the small and large intestine are affected in the pathophysiology of PI-IBS patients [31, 32] . We decided to abstain from bowel cleansing prior to colonoscopy as cleansing may alter the naturally occurring mucosa-associated microbiota [33] . In addition, the vast majority of microbes are inhabitants of the large intestine where most host-microbe interactions occur [34] . Further, the biopsies were grown under aerobic conditions, which may affect the viability of the anaerobic bacterial strains. Our further studies will include analysis of viability and survival of bacteria to determine whether the aerobic and anaerobic capacities of each strain have major effects on the cytokine expression levels. The 24-hour culture time was chosen after a pilot experiment as it provided enough time for protein synthesis while the cells in the biopsies maintained a high viability. Interestingly, in most cases the bacterial stimulations were associated with reduced levels of cytokine release in PI-IBS patients as well as healthy controls. Even though we cannot provide a clear explanation for this phenomenon, one might speculate that the bacterial strains chosen in this assay represent regulatory bacteria that predominantly repress inflammatory signals. Hence, it would be of interest to include a pathogenic microbe as a positive control for increased pro-inflammatory cytokine secretion in a future study.
The altered mucosal immune response to commensal bacteria in PI-IBS patients suggests that commensal bacteria that do not cause an inflammatory response in healthy subjects may induce mucosal inflammatory activity in PI-IBS patients [6] . A similar hypothesis has previously been presented for inflammatory bowel disease, were it has been suggested that patients have an exaggerated immune response to their own naturally occurring intestinal microbiota [35] . The reported differences in the mucosal immune responses in PI-IBS patients compared to healthy controls were bacterial strain specific. This supports the hypothesis that some commensal bacteria have a stronger immune-modulatory effect than others. The differences in microbe-related cytokine release may also be associated to IBS symptomatology, which previously has been reported for lactobacilli and bifidobacteria strains [36] . Our findings support further studies on probiotic treatment in PI-IBS patients using specific bacterial strains. In addition, our ex vivo model for bacterial stimulation could be used as a tool for exploring the immunological and biochemical actions of the intestinal mucosa that commensal and pathogenic bacteria might induce.
In conclusion, PI-IBS patients differ from healthy controls with regard to mucosal cytokine release of both pro-and anti-inflammatory cytokines after ex vivo stimulation with selected commensal bacteria. Further, our results confirm the hypothesis that an altered immune response to commensal bacteria in the colon may play a role in the pathogenesis of PI-IBS.
